Six different R-factors conferring trimethoprim resistance had been isolated from a variety of sources. The trimethoprim-resistant dihydrofolate reductases (EC 1.5.1.3) from strains containing these R-factors were purified by ammonium sulphate precipitation and DEAEcellulose ion-exchange chromatography. The enzymes showed no significant differences in molecular weight, pH profile, substrate profile, heat sensitivity, inhibition profile and Michaelis-Menten kinetics. There was, however, considerable variation in the specific activity of these enzymes in the same bacterial host. When two Escherichia coli trimethoprimsensitive dihydrofolate reductases were examined as controls, considerable differences between their properties and those of the enzymes mediated by R-factors were detected. The data suggest that one trimethoprim resistance gene could be spreading through the bacterial population, possibly situated on a transposon.
INTRODUCTION
Shortly after the introduction of trimethoprim in the United Kingdom, bacterial strains harbouring R-factors which conferred resistance to this drug appeared in clinical isolates from London hospitals (Fleming et al., 1972) . The first R-factor of this type was designated R388 and conferred trimethoprim resistance by coding for an additional target enzyme, dihydrofolate reductase (5,6,7,8-tetrahydrofolate : NADP+ oxidoreductase; EC 1.5.1.3), which is very much less susceptible to the drug than the host enzyme (Amyes & Smith, 1974) . Indeed, the R-factor enzyme had many other different properties when compared with the host enzyme (Amyes & Smith, 1976) .
Since the isolation of R388, a number of different R-factors conferring trimethoprim resistance have been isolated. One such plasmid, R483, contains a ' transposon ' conferring trimethoprim and streptomycin resistance (Barth et al., 1976) . Subsequent reports have suggested that other trimethoprim resistance genes may also be on transposons (Barth & Datta, 1977) .
In this paper, we compare the properties of the dihydrofolate reductases mediated by a variety of R-factors which confer trimethoprim resistance. Within experimental variation, it would seem that all the enzymes have originated from a common determinant and the implications of these findings are discussed. glucose as carbon source were grown aerobically to the late-exponential phase. The bacteria were harvested by centrifugation, washed twice in growth medium lacking glucose and resuspended in 0.01 vol. 5 0 m~-sodium phosphate buffer, pH 7.4, containing 10 mM-P-mercaptoethanol and 1 mM-EDTA (buffer A). The bacteria were disrupted ultrasonically and centrifuged at 38000g for 1 h as previously described (Amyes & Smith, 1976) . The specific activity of dihydrofolate reductase in the supernatant was estimated. The two dihydrofolate reductases, one sensitive to trimethoprim (host enzyme) and the other resistant (R-factor enzyme), were separated by ammonium sulphate precipitation and DEAE-cellulose ion-exchange chromatography as described before (Amyes & Smith, 1976) . Molecular weight determinations. Molecular weights were determined using Sephadex exclusion chromatography as described previously (Amyes & Smith, 1974) with ovalbumin, chymotrypsinogen and cytochrome c as markers.
Protein estimation. All protein concentrations were estimated by the method of Waddell (1956) . Heat sensitivity. The enzyme preparation was maintained at 45 "C in buffer A in a prewarmed container. After the requisite time, the sample was cooled in ice and the enzyme activity was assayed in the usual Dihydrofolate reductase assay. Dihydrofolate reductase activity was assayed by the method of Osborn & maraneF.
Huennekens (1958) as described previously (Amyes & Smith, 1974) .
R E S U L T S

Specijic activity
Six plasmids conferring trimethoprim resistance were transferred into Eschericliia coli strain 114. Five of the plasmids, which were apparently all different from one another, came from London hospitals and the sixth from Frant in Kent ( Table 1) . The specific dihydrofolate reductase activities in E. coli 1 14 harbouring these R-factors were measured at pH 6.0 in phosphate buffer at 30 "C before any separation of trimethoprim-sensitive and trimethoprim-resistant enzymes was attempted.
As found previously (Amyes & Smith, 1974) , the presence of the R388 dihydrofolate reductase in crude enzyme extracts did not significantly affect the specific activity of R-factor trimethoprim resistance 265 (Table 2 ). However, the presence of R483 and Rss42 increased the level of dihydrofolate reductase about 10-fold compared with the R-strain. Of the other three R-factors, R751 and Rss28 did not affect the specific activity of dihydrofolate reductase in crude extracts, while R721 increased it threefold compared with the R-strain. When these plasmids were transferred into E. coli strain 56-2 the specific activities of the cell extracts were similar to those found in E. coZi 114.
Separation by ion-exchange chromatography
Ammonium sulphate was added to crude enzyme extracts from 50 1 late-exponential phase cultures of each R+ strain to 50 % saturation to precipitate NADPH oxidase activity.
There was no significant level of dihydrofolate reductase activity in the precipitate.
Ammonium sulphate was added to the supernatant to 80 % saturation. The resulting precipitate was resuspended in a minimum volume (about 50 ml) of 10 mM-Tris/HCl buffer, pH 8.5, containing 10 mM-,&rnercaptoethanol and 1 mM-EDTA ('buffer B) and dialysed against 100 vol. of similar buffer. The contents of each dialysis sac were applied to a DEAE-cellulose column (2 cm2 x 30 cm) pre-equilibrated with buffer B. Buffer B was passed downwards through the column and the effluent was monitored at 280nm. When the absorbance dropped below 0.08. units, the buffer was changed to a linear gradient of 0 to 1.0 M-sodium chloride in buffer B (800 ml). Fractions of 10 ml were collected and assayed for dihydrofolate reductase activity in the presence and absence of 4 p~-trimethoprim, and for protein by the method of Waddell (1956) .
The R-strains E. coli 114 and E. coli 56-2 showed a single peak of dihydrofolate reductase activity ( Fig. la, b) . Both peaks eluted at 0.38 M-sodium chloride. When the ammonium sulphate precipitate from E. coli 114(R388) was applied to the column, there was a small peak of trimethoprim-resistant dihydrofolate reductase activity 25 fractions earlier than the trimethoprim-sensitive dihydrofolate reductase peak of the host cell (Fig. 1 c) . This peak eluted at 0.1 M-sodium chloride. When the activities represented by each peak were summed, the activity of the R-factor enzyme was about 18 % of the host activity. The extract from E. coZi 114(R483) produced a trimethoprim-resistant enzyme peak about 9.5 times larger than that of the host cell, in the same relative position as that from R388 ( Fig. 1 d) , i.e. eluting at 0.1 M-sodium chloride. The extracts obtained from the other four Rf strains each showed a trimethoprim-resistant enzyme peak at a similar position in addition to the trimethoprim-sensitive host cell enzyme peak (Fig. l e to h ). The only difference between the extracts from these Rf strains was the size of the trimethoprim-resistant enzyme peak, e.g. R483 and Rss42 had about 200 times as much trimethoprim-resistant enzyme as R75 1. 
p H profile
The pH profiles of all the R-factor mediated trimethoprim-resistant dihydrofolate reductases and the two E. coli trimethoprim-sensitive enzymes were compared using DEAE-cellulose purified material. The E. coli trimethoprim-sensitive enzymes differed from each other (Fig. 2) . The enzyme from strain 56-2 had a discontinuous pattern with the three different buffers whereas the results with strain 114 nearly fitted into one curve. The type of behaviour seen with strain 56-2 has been noted before in other E. coli strains (Mathews & Sutherland, 1965) . However, both E. coli enzymes showed a broad spectrum of activity over almost the complete pH range tested and this is common to most bacterial dihydrofolate reductases. On the other hand, all six of the R-factor enzymes exhibited a sharp peak at pH 6.0 in phosphate buffer, with 95 % activity over only about 0-4 pH units (Fig. 2) . 
R-fac t or tr ime t h opr im resistance
Molecular weight
Ammonium sulphate (50 to 80 % saturation) samples were applied to a Sephadex G-75 gel filtration column (4 cm2x 60 cm) and eluted with buffer A (Amyes & Smith, 1974; Andrews, 1964) . The 56-2 dihydrofolate reductase had a molecular weight of 20500 ( Table 3 ) similar to that of the enzyme from E. coli 114 (Amyes & Smith, 1974 purified preparations of all the R-factor mediated enzymes, there was no detectable activity when NADH was substituted for NADPH. None of the eight enzymes exhibited any activity when folic acid was substituted for dihydrofolic acid.
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The heat sensitivity of each DEAE-cellulose purified enzyme preparation was measured ( Table 4) . Both the E. coli 56-2 and 114 enzymes were relatively stable on heating to 45 "C, each losing half its activity in about 15 min. The R-factor enzymes were less stable at this temperature, all of them losing 50 % activity after about 2 min.
Inhibition of dihydrofolate reductase
The most notable feature of the R388 enzyme, which led to its discovery, is its very high level of resistance to trimethoprim. In order to compare the new R-factor determined enzymes, the extent of their resistance to trimethoprim was determined using DEAEcellulose purified preparations. They were assayed in increasing concentrations of trimethoprim at pH 6.0 (the pH optimum) and the concentration required to give 50 % inhibition (ID6,,) of each enzyme was determined ( Table 5 ). The ~6 -2 enzyme was as susceptible to trimethoprim as the 114 dihydrofolate reductase, each being inhibited by R-factor trimethoprim resistance 269 50 % by about 10 nM of drug. The R-factor enzymes were all considerably more resistant to trimethoprim with little variation between them (Table 5 ). On average, the R-factor enzymes were 20000 times less susceptible to trimethoprim than the dihydrofolate reductases from their E. coli hosts.
The activity of all these enzymes was also assayed at pH 6.0 in the presence of increasing concentrations of amethopterin. The E. coli 114 and 56-2 enzymes had ID,, values of about 2 nM-amethopterin (Table 5 ). There was little variation in the ID,, of amethopterin for each of the R-factor enzymes tested. On average, they were about 3000 times more resistant than the bacterial enzymes.
Michaelis-Men ten kine tics
Using Michaelis-Menten kinetics we have shown previously that the affinity for dihydrofolate is higher with the R388 enzyme than with the E. coli 114 enzyme (Amyes & Smith, 1976) . DEAE-cellulose purified preparations of each of the R-factor mediated enzymes were assayed in decreasing concentrations of dihydrofolate and K , values were estimated from double reciprocal plots of activity versus substrate concentration (Table 6 ). The R-factor enzymes all exhibited lower K , values than those of the two host enzymes. There was some variation between the R-factor enzymes but these differences were probably not significant.
Assays of the R-factor enzymes in the presence of different concentrations of dihydrofolate were repeated in the presence of trimethoprim. As had been found with the R388 enzyme, the presence of trimethoprim did not alter the maximum velocity of reduction of dihydrofolate by any of the R-factor enzymes tested. This shows that each R-factor enzyme, like the enzymes of E. coli 114 and E. coli 56-2, was competitively inhibited by trimethoprim, although in the case of the R-factor enzymes, much more trimethoprim was needed. The inhibitor constants (see Dixon & Webb, 1958) are shown in Table 6 . The small variations between the inhibitor constants of the R-factor enzymes are probably not significant because of the low levels of activity being tested. Each of the R-factor mediated enzymes had an inhibitor constant for trimethoprim about 10000 to 20000 times greater than that of either of the trimethoprim-sensitive host enzymes.
Minimum inhibitory concentration
We have found no characteristics which distinguish between the R-factor mediated enzymes except that they are produced in differing quantities. It might be expected that these differences would be reflected in the level of resistance shown by each R+ strain. Therefore about 50 viable organisms were plated on minimal medium agar plates containing increasing concentrations of trimethoprim. After 3 h incubation the lowest concentration of trimethoprim giving no visible growth was taken as the minimum inhibitory concentration. The minimum inhibitory concentrations for the R+ strains varied little from one to another (Table 7) . Thus the widely varying levels of trimethoprim-resistant dihydrofolate reductase did not appear to cause any difference in resistance level. This is a surprising result since Breeze et al. (1975) found that enzyme levels varying by only 30-fold significantly alter the resistance of E. coli to trimethoprim. However, Jackson & Harrap (1973) have shown that some mammalian cells grow normally when only 5 % of their normal dihydrofolate reductase level is functional. It would seem that the R-factor enzymes studied here confer a level of resistance on the host which depends only on the extent of the insensitivity of the plasmid mediated dihydrofolate reductase to trimethoprim.
DISCUSSION
Each of the six R-factors studied here codes for an additional dihydrofolate reductase that is much less susceptible to the action of trimethoprim than the host E. coZi enzyme. The degree to which these enzymes are susceptible, as measured by inhibitor constants and ID,, estimations, nearly matches the increase in minimum inhibitory concentration of the Rf strains. Therefore, as with R388, the mechanism of resistance in each case is due to the production of a plasmid-coded enzyme.
One of the most striking differences between the E. coli 114 dihydrofolate reductase and the R388 enzyme was the effect of pH on enzyme activity (Amyes & Smith, 1976 ).
The enzymes mediated by each R-factor that conferred trimethoprim resistance had the same characteristics as the R388 enzyme. No pH profile of dihydrofolate reductase from any other source resembles those of the R-factor enzymes (Burchall & Hitchings, 1965; Mathews & Sutherland, 1965) . The pH profile showed a clear distinction between the two E. coli trimethoprim-sensitive enzymes, but did not separate any of the R-factor enzymes.
Taking the physical properties as a whole, there seems a remarkable resemblance between the R-factor enzymes. If they are not the same enzyme, they are very similar. These R-factors were from a variety of sources, only two coming from the same hospital. If these enzymes are identical then the same structural gene must be present on each plasmid. This could be compared to the TEM P-lactamase gene, which is widespread among R-factors (Hedges et al., 1974) . Hedges et al. (1974) concluded that the structural gene for the TEM-like enzyme was ubiquitous because of its ability to translocate from replicon to replicon. This was later confirmed as the TEM p-lactamase was shown to reside on a transposon which could be rapidly transmitted through populations of bacteria and their R-factors (Hedges & Jacob, 1974) .
R-factor trimethoprim resistance
27 1 Two of the R-factors studied here, R483 and R721, contain another transposon (Tn7) conferring trimethoprim and streptomycin resistance (Barth et al., 1976; Barth & Datta, 1977) . R751 also contains a trimethoprim resistance gene that can translocate from one replicon to another, and this has been termed Tn402 (Shapiro & Sporn, 1977) . Preliminary evidence suggests that the trimethoprim resistance gene of R388 may also be on a transposon (Amyes & Smith, 1977) . It has not yet been proved whether Rss28 and Rss42 contain transposons. However, both contain the gene for streptomycin/spectinomycin resistance and this resistance, in combination with trimethoprim resistance, , has been associated with transposon 7 (Barth & Datta, 1977) .
The close enzymic similarity between these R-factor dihydrofolate reductases is apparently contradicted by the large variations in enzyme levels. Why there is such a variation is unknown. It seems unlikely that the high levels of activity could be explained by gene amplification, because R483 has been shown to exist as only one copy per cell (Barth et al., 1976 ) and yet this R-factor confers one of the highest specific activities. If the structural genes for these enzymes are transposable, it may be that both the site and direction of insertion into other replicons could be the factor responsible for different levels of gene transcription.
